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Brodies insight and skepticism into the techniques and results of my work kept me thinking and honest.
As our labs "resident theoretician" Dr. Jack Semura provided enthusiasm, new ideas and perspectives on projects.
It would be fair to say he introduced "chaos" to our lab! For this study, since I am concerned with the first three modes, and in particular with boiling, radiation can be neglected. In this experiment the heat flux was measured from a platinum wire into LN2.
Actually, for boiling there are two regimes that occur.
One is nucleate boiling and the other is film boiling.
Heterogeneous nucleate boiling is commonly what one observes.
Bubbles form at particular "nucleation sites" on the material, they grow in size and then detach themselves from the surface when the buoyant forces overcome the surface cohesion.
Typically these "sites" are microscopic cracks and crevices in the material. The two primary physical quantities that had to be measured were the temperature and heat flux into the fluid.
The method of heat generation and temperature measurement were accomplished by the same instrument by what is known as a hot wire technique 9 • The basis for this technique is essentially resistance thermometry, with the additional condition that the surf ace we use to measure the temperature is also the one that generates the heat flux into the fluid. In our case we used a thin (.1 mm diameter) platinum wire as our heater/thermometer.
A brief explanation of resistance thermometry follows.
The electrical resistance is a well characterized property of a pure metal. In particular this property is a monotonically increasing function of the temperature and it typically has a linear dependence on the temperature over a narrow temperature range. However, some metals are more strongly temperature dependent ( ie. they posses a larger temperature coefficient) than others, and some are more linear in their dependence on temperature than others. What one does to calculate the temperature is to pass a known current through the material and simultaneously measure the voltage difference between two points of the "resistor" .
From these measurements one calculates the resistance using A pulse generator is connected to a current amplifier which is configured to supply a constant current to the platinum wire.
In series with the platinum wire are two 100 W O. 25 ohm resistor. These resistors have a low temperature coefficient so as to minimize heating errors when reading the current. yield aT(t) . This is accomplished by manually adjusting the gain from amplifier 2 so that the output of amplifier 4 is zero when no superheating has occurred. This balancing procedure is implemented when the platinum is known to be at 77 K as is the case at the very beginning of the heat pulse.
The signals from amps 3 and 4 are then recorded on a digital oscilloscope. Then the digitized data is stored in the computer for further manipulation.
The equations to solve for the superheat temperature a T follow.
or in terms of /1 T( t}
where, VPt ( t) is the total voltage difference between two points on the platinum wire. a is the temperature coefficient for the platinum.
T( t)
is the calculated superheat temperature above 
CHAPTER IV ANALYSIS OF DATA
As mentioned in Chapter 2, the only two measurements we make during a "run" are the voltage across the platinum heater/thermometer and the current through it as a function of t. From these data we can calculate the resistance, and thus temperature of the wire, the total power dissipated in the wire, and the total heat flux out of the wire and into the liquid. This latter quantity is not simply the total power dissipated per unit area, as is the case for steady state heat flux experiments. There is a correction term due to the nonzero heat capacity of the wire. It is given by the following equation.
Where P(t) is the total applied power per unit surface area of the wire ( ie. I
R (t) /A ) . Note that this value
slightly increases with time since the resistance of the wire is increasing with temperature. This is accounted for when we make the calculation of P(t) on the computer. Often however, references are made between different heating curves by indicating their initial power dissipation at t=O.
C is the heat capacity per unit surface area of the wire. Since the temperature of LN2 is significantly below the Debye temperature of the platinum the heat capacity varies substantially as a function of temperature. This is a accordingly when we make the calculation.
dT(t)/dt is the time rate of change of the temperature of the wire. This differentiation is done numerically.
Thus it is seen from Eq. 5 that in the transient case, the heat flux into the fluid can be greater than or less than the applied power. In the steady state case the two are equal.
In addition to the transient measurements made above, we also made measurements to determine the peak steady state heat flux. The maximum value of this was 9.5 W/cm 
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--- It is assumed that only conduction occurs and that there is no temperature gradient in the wire. This latter assumption is justified because platinum's thermal conductivity is about 600 greater than LN2. The analytical solution is given by 13 where Ktu 2 2Qcx 2 J..
is a parameter which is twice the ratio of the heat capacity of an equivalent volume of the medium (LN2) to that of the conductor (platinum). It is approximately 1.75 at 80 K. k is the thermal conductivity of the LN2, and Q is the heat generated per unit length of the wire. One of the other features that stand out in the three experimental curves in Figure 3 is that the curves do not remain identical after a short period of time. This feature is generally true for all the data taken under "identical"
conditions. (Another example will be shown later.) The origin of this is that the experiment is not done under equilibrium conditions. That is, the very definition of superheating a liquid is to put in a metastable state. The higher the superheat the further from equilibrium one is, thus the system becomes more unstable. This instability makes the systems evolution extremely sensitive to its initial conditions. For example, a slight difference in the temperature profile, the convection pattern, or even a stray bubble in the liquid might make a difference as to whether as to which path the system "chooses". Figure 4 shows that under identical conditions of flow and applied power the system either goes into nucleate boiling or film boiling. Thus, these initial conditions appear to be on the dividing line between the two routes the system can take. Keep in mind that this line is rather blurred. This would support the observation that these curves are the ones that result in film boiling.
That is the intense boiling developed over such a short period of time that the bubbles did not have time to migrate away from the wire surface, consequently a film was formed.
Though it probably cannot be said that under these "identical" conditions that there is an exact heat flux for which film boiling definitely will occur. However, the value of heat flux appears to be a parameter that is more useful than the temperature for predicting whether film boiling occurs. However, the maximum we were able to delay film boiling if it was going to occur at all, was about 500 ms. So at higher power levels then shown in the figure, an maximum extra delay to the onset of film boiling of about 400 ms was obtained. . Pv/Ppnbhf vs. wire velocity. P nbhf is the steady state peak nucleate boiling heat flux. Pv is the threshold power for the transition to film boiling when the wire velocity is equal to v.
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There are two data sets for this graph, as data was taken in two different dewar configurations. Also, one set was limited to a maximum flow velocity of 7.5 cm/sec. Note that at the higher velocities the premature transition to film boiling is eliminated.
In comparing the two curves, it is seen that the storage dewar data indicates that the premature transition occurs at lower power levels. However, it also appears to be more strongly affected by forced convection. This seems reasonable as this dewar had less heat leak into it and consequently the bath of LN2 was more quiescent. These data obviously do not lie on a very straight line. It is not certain at this point whether they should follow some simple power law. Keep in mind though, that the power levels plotted are a lower bound for a particular flow velocity. Overall, there is probably a 15% scatter in the heat flux data.
As noted previously the effects of gravity were to be considered. Preliminary experimental results indicate there was no significant difference in the nature of the superheat versus time curves for the flow velocities used (up to 7.5 cm/s). Upon analysis of the forces involved using a simple model, we found that the viscous drag forces were larger than the buoyant forces due to gravity. This is true for bubbles whose radius is smaller than about 0.1 mm which is the case at the sites where nucleation commences. In other words, the bubbles are sheared away from the surface by the viscous forces before they can grow and coalesce into a film surrounding the wire. The equation is given below. The model which it is based upon is of a rigid sphere moving through a viscous fluid of a different density. In this example the sphere is a vapor bubble of LN2.
Fd=61t an v (8) Where a is the radius of the sphere (bubble), which we estimate to be .Olcm from photographic evidence (Tsukamoto) .
v its velocity through the fluid (10 cm/s). 11 is the dynamic viscosity of LN2 at 77 K (1.58x10~ g/cm-sec) .The drag force calculated is 0.015 dynes.
The buoyant force on the bubble are given by
Where p is the density of the different phases (.807 and .004 g/cm 3 respectively), a the radius of the bubble, and g the gravitational acceleration (980 cm/s 2 ) .
A plot of these two equations is given in the Appendix.
Rough calculations were made on the velocity necessary to prevent film boiling at a particular power level. It was determined that one has to replenish the liquid near the surf ace fast enough so that the bubbles forming cannot coalesce into a film. This amounts to moving the wire through a distance equal to its length in the amount of time equal At lower flow velocities the premature transition is not totally eliminated, but the delay time until film boiling occurs can be increased by several hundred milliseconds. It seems the heat flux is a better indicator than the temperature as to when film boiling will occur.
